The formamide-titanium oxide interaction mechanism is a research target of great importance for understanding the elementary events of the origin of life: the synthesis of nucleoside bases and formation of biological molecules needed for life. Titanium oxide (TiO 2 ) can act as a strongly adsorbing surface or a catalytic material. In the present study, a comparative molecular dynamics analysis performed to clarify the adsorbing and diffusion properties of liquid formamide on a TiO 2 surface in the presence of water molecules. The structural features of the formamide concentration effect (the accumulation of molecules) on a TiO 2 surface in the presence and absence of water solvent are cleared up. Modification of the formamide diffusion abilities mediated by a water solvent is observed to correlate with the formamide-water concentration distribution on the surface.
INTRODUCTION
The photoreaction of liquid formamide on titanium oxide is widely considered to be one of the key steps in the formation of biological molecules needed for life. The titanium oxide (TiO 2 ) surface can act both as a template on which the accumulation of adsorbed molecules occurs (the concentration effect), and a catalytic material that lowers the activation energy needed for the formation of intermediate products 1-5. The solvent, dehydration, adsorption, and decomposition properties of formamide on various surfaces were intensively studied in recent experimental papers 6-8. In surface chemistry, titanium dioxide (TiO 2 ) is one of the most innovative materials. In this regard, the water-TiO 2 interaction is a special research target both in materials and life sciences, taking into account the wide range of technological applications of the phenomena. The mechanism of the interaction between water and oxide materials has long been studied in a wide variety of fundamental scientific disciplines [9] . Understanding the water-surface interaction mechanism is critically important for chemical and pharmaceutical industries, as well as for the fabrication of new materials and drugs [10] [11] [12] [13] [14] . Much of the research in surface chemistry that is focused on the water-TiO 2 interaction has been motivated by the relatively high efficiency of TiO 2 in the photocatalytic decomposition of water. The water-TiO 2 interaction is potentially important as a solar energy conversion process. The photocatalytic properties of these materials in aqueous media have been studied since mid-1970's [11] . These studies have inspired, in particular, work on well-characterized single crystals of oxides. From the biological point of view, the TiO 2 surfaces have been of the most interest concerning the photochemical degradation of organic compounds such as bactericides and hydrophobic coatings [13] . The TiO 2 -water reactions seem to be very promising in the field of solar energy conversion by means of the photocatalytic splitting of water (the Fujishima-Honda reaction in [14] ).
Formamide (the molecular formula: CH 3 NO), also known as methanamide, is an amide derived from formic acid. It is a clear liquid which is miscible with water and has an ammonia-like odor. When heated strongly, formamide decomposes to hydrogen cyanide (HCN) and water vapor. As a constituent part, formamide is also used for the cryopreservation of tissues and organs. In relation to the DNA and RNA molecules, some important formamide's properties could be outlined as follows. It stabilizes RNA in gel electrophoresis by deionizing RNA; in capillary electrophoresis, it is used for stabilizing single strands of denatured DNA. Formamide lowers the melting point of nucleic acids so that the strands separate more readily [15] .
An important type of nucleoside bases synthesis can be supposed to take place under UV light in the formamide reaction with a TiO 2 surface, which would underlie the crucial biological significance of this mineral in making compounds of life. In the dark conditions, the experimental data on the formamide adsorption at 300 K over TiO 2 (001) indicate some amount of unreacted formamide and water among the products (CO, H 2 , NH 3 , HCN). Thus, some concentration of water and its involvement in the formamide-TiO 2 interaction was experimentally shown to be a constituent and important factor. Besides of nucleoside synthesis, formamide actively influences in situ hybridization processes of the nucleotides, DNA and RNA molecules. For example, in the presence of formamide, a U nucleotide would rather bind to an A than nothing (binding to a specific probe is better than staying single-stranded), but a U nucleotide would rather bind to nothing than a G (binding to a non-specific probe is worse than binding to nothing). In this respect, DNA is normally more stable in a double-stranded structure and less stable when single-stranded; so far, formamide must increase the stability of single-strandedness. On other hand, RNA probe binds to mRNA that is already singlestranded; mRNA does not gain any stability by being a hybrid unless the probe is specific and can bind properly, thus increasing stability [1] [2] [3] [4] [5] [15] [16] [17] .
Apart from experimental research, recent theoretical and simulation studies were mostly concentrated on the formamide-water reaction process. Several modern theoretical and molecular dynamics (MD) studies of formamide-water interactions should be mentioned in this respect [18, 19] . Nevertheless, to our best knowledge, little is known about the formamide-TiO 2 surface interaction, and almost nothing has been reported on the formamidewater-TiO 2 one. In this paper, using the MD simulation method, we aimed to make the first attempts to investigate the formamide-TiO 2 surface interaction mechanism in detail on the atomistic/molecular level. In the presence of water, we elucidate the structural, diffusional, and molecular concentration distribution effects. We consider water presence and influences to be a stabilizing factor on the formamide-TiO 2 surface interaction mechanism.
METHOD
A classical molecular dynamics study was performed using the DL_POLY 2.20 [20] general-purpose code. The NVT ensemble at T = 300 K in conjunction with a Nose-Hoover thermostat with the three-dimensional Ewald summation and the Verlet leapfrog scheme were employed. The integration time step of the dynamical equations of motion was 2 fs. All simulations were periodic in three dimensions.
For the formamide molecule, the force field parameters were chosen from the DL_FIELD database [21] , which, in their turn, had been taken from the CHARMM package [22] .
The detailed formamide potential topology (chemical bonds, angular and dihedral parameters, atomic charges, etc.) are described below in Tables 1-3. Table 3 . The potential parameters used by formamide molecules.
Harmonic bond potential:
For the oxide materials, the force fields as reported by Kavathekar et al. [23] and Guillot et al. [24] were used. For the TiO 2 surface, the potential parameters were developed by Matsui and Akaogi [25] . Table 4 represents the Buckingham (buck) potential parameters of the TiO 2 surface [25] .
For water, an SPC rigid body model was used [26] [27] [28] . The water bond angles and lengths were not constrained; the water potential parameters are also shown in Table 4 .
The van der Waals (vdW) interactions between the formamide + water solution and the oxide surface were represented by the Lennard-Jones (LJ) potential. The crossinteraction parameters for the formamide + water and TiO 2 surface are shown in Tables 1 and 4 
.
A parallel Shake algorithm expressed in terms of the Replicated Data strategy for constraining the rigid and other chemical bonds was used [20] .
The MD simulations were realized in the temperature range from 250 K to 400 K with a step of 25 K. 2 Bond For each simulation set, the MD calculations included 50,000 -500,000 time steps of the integration of the equations of motion.
The LJ potential parameter in Table 4 for the Ti-OW pair-compared with others-seems to be large:  ij = 7.72528 kcal/mol. Such a large  ij value for the Ti-OW pair was noted in other studies, too (see, for example, [29] ). Nevertheless, our MD calculation results (as described below) exhibit a weaker or no dependence on the vdW interaction parameters of results do not exhibit any substantial difference here. We also used other potential forms-different than the LJ and Buckingham ones-to describe the water-oxide surface interaction; however, the results obtained were similar to each other. We have simulated various formamide and water-formamide mixtures (from low to high-density phases and of the 50% -50% solution) in the range of  = [0.1 -1.5] g/cm 3 .
The MD simulation results of the formamide(f) + water(w) solution and surface interactions which are summarized below are shown for: (1)   0.6 g/cm 3 = 50%(f) + 50%(w) (170 formamide and 170 water molecules), (2)   0.9 g/cm 3 = 50%(f) + 50%(w) (256 formamide and 256 water molecules), and (3)   1.3 g/cm 3 = 50%(f) + 50%(w) (360 formamide and 360 water molecules).
The bulk TiO 2 (anatase) phase was defined by the unit cell lattice vectors of the following lengths: a 0 = b 0 = 3.785 Å, c 0 = 9.514 Å. As the adsorbing surface, we have composed in total four layers of 128 TiO 2 molecules (1536 = 512 (Ti) + 1024 (O) atoms).
The corresponding system sizes and molecular composition of 50% -50% formamide-water solution for  = 0.6 g/cm 3 ; 0.9 g/cm 3 ; 1.3 g/cm 3 are specified in Table 5 . Figure 1 shows a relaxed configuration of the molecular system (formamide molecules solvated by water on a TiO 2 surface). Two molecules (a formamide molecule and a water one) are denoted as large spherical balls; the surface Ti and O atoms-as green and red balls, respectively. The system temperature has been varied in the range of 250 -400 K to ensure the structure stability of the oxide material in this temperature range; the oxide surface behaved stably, though the atoms of TiO 2 do not adopt a regular close-packing arrangement as thermal vibrations will slightly displace the surface atoms from their mean equilibrium positions. The oxide surface shown in the figure seems to be that of an amorphous solid.
RESULTS AND DISCISSION

Surface-Liquid Ordering in the Formamide-Water-TiO 2 Interactions
First, based on the radial distribution functions (RDFs), we have investigated the structural peculiarities of TiO 2 during the relaxation process with the formamide-water For the surface-surface atomic pair g(r) [Ti-O] with their opposite charges, we see that the Ti-O interaction is relatively very strong; such behavior agrees with the results reported in the literature earlier [30] . From Figure 2 , we can also see that the interaction ordering of all atomic pairs (Ti-Ti, Ti-O, and Ti-OW) is more or less modified with changes in the density of the 50% -50% formamidewater (f+w) solution. Comparing the structural RDF data in Figure 2 , we will focus mostly on the middle density have a rather fast adsorption process for the solution on the surface; at high densities ( ≥ 1.3 g/cm 3 ), the formamide-water-surface system exhibits low adsorption activity. We will consider mainly the formamide-TiO 2 surface interaction, that is, the changes in the atomic pair ordering and diffusion processes, which are influenced by the presence of water.
shown in Figures 4-5 for the water-water (OW-OW) and formamide-formamide (Of-Of) atomic pair interactions, respectively. For the water-water interaction, we can observe from Figure 4, g(r) [OW-OW], that at low densities ( ≤ 0.6 g/cm 3 ) the RDFs visibly vary with temperature, while at high densities ( ≥ 1.3 g/cm 3 ) the RDFs are more structured and are not "sensitive" at all to temperature changes. At the studied moderate densities (  0.9 g/cm 3 ), the g(r) [OW-OW] behaves like that of a liquid state, although compared to low and high densities, the RDFs have here the lowest peak amplitudes. Such structural behavior of water can be suggested to cause different formamide structure formation as well as diffusion processes on the TiO 2 oxide surface in the presence of water.
In Figure 3 , the RDFs are presented for the formamide ordering on a TiO 2 surface. The RDFs in Figure 3 demonstrate the titan-formamide's oxygen interaction in the absence (top) and presence (bottom) of water. The inclusion of water, as it can be easily seen, makes the Ti-Of ordering rather smooth. Such behavior is observed in all the studied temperature range-from 250 up to 400 K.
Liquid-Liquid Ordering in the
Formamide-Water-TiO 2 Interactions Figure 5 shows the RDFs g(r)[Of-Of] of the formamideformamide atomic pair interactions in the absence and presence of water, respectively. One can expect that the The RDF-based liquid-liquid structural ordering is behavior of the RDFs is more clearly influenced by the presence of water mostly at moderate densities,   0.9 g/cm 3 . In the absence of water (Figure 5 , top middle picture), the first peak of the g(r)[Of-Of] is split into two very close maximums; this splitting disappears with the inclusion of water into consideration (Figure 5 , bottom middle picture).
Z-Density Profiles and Diffusion Coefficients
In this section, based on the formamide-water-surface structure peculiarities described above, we discuss the Zdensity profiles and the accumulation of formamide mo-lecules on a TiO 2 surface (the formamide concentration effect) in correlation with the diffusion properties and D(T) dependence. The concentration distributions in the molecular model under consideration are shown in Figure 6 , where displayed are three sequential formamidewater surface configuration snapshots at different relaxation stages after the system has reached its equilibrium. MD simulation starts from equilibrium after sample minimization and heating steps have been completed; thus, all the statistical data are acquired in subsequent relaxed states.
In Figure 7 illustrates the behavior of the formamide diffusion coefficient depending on temperature, D(T). At low formamide concentrations, we observe a fast adsorption process, so the formamide diffusion ability decreases. It is also obvious that D(T) correlates with the liquid concentration and increases with increasing the solution density. Figure 8 (top graphs) show the Z-density profiles of water molecules of the 50% -50% formamide-water (f + w) solution on a TiO 2 surface at low, moderate, and high densities as outlined above. Since the water molecule is small in size compared to the formamide one, the water Z-density profile at moderate (f + w) concentration exhibits more than two small peaks, indicating possibilities of the formation of multiple water layers inside formamide. As we see below, this fact is crucial and causes Figure 8 shows D(T) curves for water-the diffusion coefficients depending on the system temperature. It is clear that with increasing the formamide-water concentration, the water diffusion coefficient decreases. Next, Figure 9 (top graphs) show the Z-density profiles of the formamide molecules on a TiO 2 surface in the presence of the 50% -50% formamide-water (f + w) solution (left, middle, right: low, moderate, and high density phases, respectively). As seen from Figure 9 , at low (left graph) and high (right graph) solution concentrations, the inclusion of water has no visible effect on the formamide density profile on the adsorbing surface. However, at moderate densities (middle graph, Figure 9) , the formamide density distribution essentially changes normal to the surface. Namely, the two peaks of the Z-density profile that existed in the absence of water have been observed to disappear with the inclusion of water to the formamide-TiO 2 system, indicating an increase in the formamide diffusion ability. In Figure 9 (bottom graph), the D(T) dependences of formamide molecules are shown at different solution denstities in the presence of water. Comparing them to the ones in Figure 6 (bottom graph) decribed above, one can easily see that at moderate solution densities water mediates D(T) growth and thus causes an increase in the formamide diffusion abilities.
CONCLUSION
The effect of water inclusion on the formamide-titanium oxide (TiO 2 ) interaction mechanism has been studied via molecular dynamics (MD) simulation. The TiO 2 surface can act as a strongly adsorbing surface or a catalytic material. The aim of the present study was a comparative analysis of the formamide concentration distribution effects (the accumulation of molecules) on a TiO 2 surface in the absence and presence of a water solvent. The formamide diffusion ability on a TiO 2 surface is observed to correlate with the formamide-water concentration distribution on the surface. The structural radial distribution functions (RDFs) of water and formamide along with their Z-denstiy profiles point to crucial modifications of the formamide diffusion ability on a TiO 2 surface mediated by the presence of water. The obtained results clear up the formamide-TiO 2 interaction mechanism on the molecular level and might be important for understanding the elementary steps of the formation of biological molecules needed for life.
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